Abstract: An overview is given of the anomalous behavior of some metals, in particular Fe and Cr, in acidic aqueous solutions during anodic dissolution. The anomaly is recognizable by the fact that during anodic dissolution more material dissolves than would be expected from the Faraday law with the use of the expected valence of the formed ions. Mechanical disintegration, gas bubble blocking, hydrogen embrittlement, passive layer cracking and other possible reasons for such behavior have been discussed. It was shown, as suggested by Kolotyrkin and coworkers, that the reason can be, also, the chemical reaction in which H 2 O molecules with the metal form metal ions and gaseous H 2 in a potential independent process. It occurs simultaneously with the electrochemical corrosion process, but the electrochemical process controls the corrosion potential. On the example of Cr in acid solution it was shown that the reason for the anomalous behavior is dominantly chemical dissolution, which is considerably faster than the electrochemical corrosion, and that the increasing temperature favors chemical reaction, while the other possible reasons for the anomalous behavior are of negligible effect. This effect is much smaller in the case of Fe, but exists. The possible role of the chemical dissolution reacton and hydrogen evolution during pitting of steels and Al and stress corrosion cracking or corrosion fatigue are discussed.
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INTRODUCTION
The Faraday law is one of the fundamental laws of electrochemistry and was for long time the basis for the definition of coulomb as one of the important units of the International System of Units (SI). The coulomb was defined as a quantity of electricity, which must pass through a circuit to deposit 0.0001180 g of Ag from a solution of silver nitrate. 1 This system was chosen since during the electrodeposition of Ag no other electrochemical process occurs which interferes with the Ag deposition. If that would not be so, the apparent valence calculated using the Faraday law and the weighed amount of Ag, knowing the used amount of electricity, would be less than 1, which is to be expected for the deposition of Ag from the solution of Ag + ions.
Apparent valences smaller than those electrochemically expected are often encountered in electrochemical systems, specially during the electrochemical deposition of metals. It usually occurs when simultaneously with the deposition process of the metal of interest some other electrochemical process takes place, e.g., hydrogen evolution, oxygen reduction, impurities reduction or oxidation of impurities, etc. In such cases it is customary to use the term current efficiency, which is defined as the amount of current used for the effective deposition of the desired metal divided by the total amount of current passed through the electrolytic cell. The current efficiency and apparent valence are two different ways to quantitatively express the deviations from the direct application of the Faraday law. For example, a current efficiency, h j , smaller than one is the same as the statement that the apparent valence, z ap , is larger than the corresponding valence of the deposited metal ion, z. On the other hand, if during the metal dissolution h j > 1, the apparent valence will be smaller than expected, i.e., z ap < z. Only these examples will be considered and analyzed in this paper. In general, in the literature they are often considered as "anomalous" dissolution 2 but some other terms related to the similar behavior of metals during dissolution are used in the corrosion literature, e.g., negative difference effect, 3 decreased anodic current efficiency, 4 etc., as well as the abovementioned lower apparent valence.
ELECTROCHEMISTRY OF METAL DISSOLUTION AND CORROSION
Local electrochemical cell action was proposed a long time ago by de la Rive 5 as the explanation of the spontaneous corrosion of metals in which cathodic processes are occurring on the inclusions on the surface of the anodically dissolving corroding metal. Hence, without separated cathodic parts of the local cell, corrosion is not to be expected. This model explained the action of macro corrosion cells or even micro cells for the heterogeneous alloys most often used in technical applications. However, corrosion of extra pure metals, even in the single crystal form also occurs, albeit at a lower rate in some cases. The electrochemistry of corrosion on homogeneous surfaces based on the laws of electrochemical kinetics was probably first formulated by Wagner and Traud. 6 Their model was based on the assumption of potential equality over the whole surface of the corroding metal and the assumption that the reduction and metal oxidation processes follow the electrochemical kinetic laws. For the case when both, the anodic and cathodic electrochemical reactions are activation controlled (i.e., can be represented by Tafel relations), the Wagner-Traud model can be schematically represented by the diagram shown in Fig. 1 . The partial anodic, j a , and partial cathodic, j c , current densities are presented as Tafel straight lines (dashed lines), whith the intersection at the corrosion potential, E corr , which spontaneously forms when the net current at the metal surface, i.e., the electrode of the electrochemical cell, j, is zero. Since the net current (full lines) which are usually experimentally measured in the external circuit, are always the difference between the anodic and cathodic current densities (j = j a -êj c ê), an important conclusion of the Wagner-Traud approach is that the partial anodic and cathodic processes occur simultaneously at any potential of the corroding metal, but at rates corresponding to the electrode potential, and that both processes occur at the same surface randomly. Some authors call this model the homogeneous corrosion model, in contrast to corrosion of heterogeneous metal surfaces when different phases are exposed to the corrosive agent, which might be considered as short-circuited local micro or even macro cells. However, even micro and macro cell action in the multiphase systems can be treated electrochemically as a short-circuited multi-electrode system, 7 each of them behaving according to the Wagner-Traud model. Wagner-Traud electrochemical corrosion model; j a -anodic partial current density; j ccathodic partial current density; j -effective anodic or cathodic current densities. 5 The interesection of the Tafel lines at the corrosion potential (see Fig. 1 ) represents the anodic dissolution current density at E corr , which is, at the same time electrochemical corrosion current density, j corr . Experimental measurements of the polarization curves of the type presented in Fig. 1 , small polarization measurement for h < 10 mV and the use of the concept of polarization resistance, R p , (Stern and Geary) 8 and electrochemical impedance measurements 9 are all based on the Wagner-Traud model and have found wide application among corrosion practitioners and research workers, and also among the manufacturers of electronic devices aimed at producing in a short time experimental data on the corrosion practitioners and research workers, and also among the manufacturers of electronic devices aimed at producing in a short time experimental data on the corrosion rates of various metals and alloys. However, it was pointed by Prazak 10 that in many cases differences appear between the gravimetrically or analytically determined corrosion rates and those determined electrochemically by the polarization resistance method. Hence, he suggested the use of correction factors for the electrochemically obtained corrosion data, i.e., experimentally determined constant B. It should also be mentioned, that electrochemical determination of corrosion rates at elevated temperatures could produce totally wrong results. 11 Nevertheless, electrochemical methods for corrosion rate measurement are still widely used and applied without the necessary caution 12 and verification by other direct methods (weight-loss, analytical, etc.).
ANOMALOUS BEHAVIORS IN METAL DISSOLUTION
Examples and possible reasons for the experimentally detected anomalous dissolution of metals is well documented in an elaborte review preparate by W. J. James, 2 and the reader is advised to consult the original review for a number of interesting examples and literature citations. In considering the possible mechanisms by which the effective valence (i.e., the apparent valence) calculated using the Faraday law and the measured amount of electricity passed during the anodic dissolution is smaller than expected, three different mechanisms were proposed: (i) the transitory or uncommon ion mechanism; (ii) the anodic disintegration of metal surface mechanism and (iii) the film controlled mechanism.
Transitory or uncommon ion mechanism
In the case when the dissolving metal forms ions of higher valence than one, it is reasonable to assume that the electrochemical reaction proceeds stepwise, most probably through single electron exchange reaction steps. 13 It has been established that many metals during dissolution pass through the stage of a simple monovalent ion in a form Me + (e.g., Cu, 14 Zn, 15 , Be + , 16 In + , 17 etc.), or hydrated form, MeOH or something similar (e.g., Fe, 18 Co, 19 
etc.).
It can be expected that such lower valence ion can diffuse into the electrolyte if they are not adsorbed at the electrode surface, as was experimentally proved by Raush et al. 16 for Be + and by Had`i Jordanov and Dra`i} for Zn. 20 In such cases, the rates of diffusion of the lower valence ion into the bulk depend on the hydrodynamics and therefore the lower apparent dissolution valence should depend on hydrodynamics in the vicinity of the electrode surface. However, if the lower valence intermediates are strongly adsorbed to the electrode surface, no diffusion into the bulk can be expected, and, therefore, no decrease of the apparent valence for this reason can be obtained.
In some cases, the lower valence ions can be expected to be strong reducing agents for H 2 O from the electrolyte, as suggested by Pourbaix 21 for Cr 2+ ions. Unstable monovalent ions might also be reducing agents, but the reactivity of various ions of this kind cannot be determined since their instability does not allow knowledge of their thermodynamic properties. However, since the chemical reaction of such ion has to result in anomalous hydrogen evolution during anodic dissolution, this can be an indication that such ion react with the solvent. This will again decrease the apparent valence to a value dependent on the ratio of the rate of the overall electrochemical reaction and that of the chemical reaction of the lower valence ion with water molecules. In a study of Al dissolution in aqueous perchlorate solution, Epelboin et al. 22 
The effect of the diproportionation reaction on the kinetics of metal dissolution was also elaborated by Losev. 7 
Disintegration of the electrode surface
Mechanical disintegration of the metal surface during anodic or cathodic polarization has been proposed as the reason for the lower apparent valence during anodic dissolution or the relative increase of the metallic ion concentration above the expected value during cathodic polarization (higher apparent valence). James and Stoner 24 reported that in all cases where Zn and Cd exhibited anomalous anodic behavior, a gray-black film was observed on the anodic surface. Straumanis and coworkers 25 analyzed the anomalous dissolution of Zn and Al and concluded that the mechanical disintegration (chunk effect) was responsible for the lower apparent valence. They proposed a mechanism for the process of anodic disintegration in which the anodic current is in some way undercutting groups of atoms on the surface which, as metallic particles, stay loosely attached to the surface or are transported hydrodynamically into the bulk. If the electrolyte is aggressive to the metal, e.g., H 2 SO 4 or HCl, spontaneous corrosion of such particles in the electrolyte is to be expected, resulting in the accumulation of metallic ions in the solution at a higher rate than corresponds to the amount of current passed, and also, additional hydrogen evolution. Hence, an apparent valence smaller than expected can be experimentally registered. Marsh and Schaschl 26 concluded that Fe in H 2 SO 4 solutions of pH 2 corroded 2 times faster than expected from electrochemical measurements because of disintegration (i.e., chunk effect). However, Straumanis et al. 27 reported that high-purity Fe did not show any sign of disintegration during cathodic polariztion in H 2 SO 4 solution unless the current density was larger than ca. 2 A cm -2 . Vorkapi} and Dra`i} 28 demonstrated that anomalous dissolution of iron in sulfuric acid solution during prolonged cathodic polarization is also due to mechanical disintegration (hydrogen embrittlement) and not only to the chemical dissolution as proposed by Kolotyrkin and Florianovich. 29 Namely, in experiments with a magnetized iron electrode in sulfuric acid solution, the anomalous dissolution rate, determined experimentally by spectrophotometric analysis on Fe 2+ ions, was decreased considerably, probably because of the cathodic protection of loose iron particles hooked to the magnetized cathodic iron surface. However, some anomalous dissolution still remained indicating that besides mechanical disintegration, some other mechanism of anomalous dissolution exists.
Film control mechanism
Film control mechanisms have been proposed, as pointed out by James, 2 to account for the anomalous anodic behavior of metals as manifested by the decreased current efficiencies and negative difference effects, often encountered during the dissolution of Mg, Zn and Al. Various versions of the film control mechanism can be found, most of them are based on the fact that these metals during anodic dissolution are covered with a passive film which is ruptured, occasionally being repaired, and depending on the composition of the electrolyte, some of its constituents, (e.g., Cl -ions), change the properties of the film. It is worth pointing out that all these processes are connected with the appearance of pits. It should also be mentioned, that the negative difference effect is evidenced by an increase of hydrogen evolution with increasing anodic current density. This dependence is most often linear and for example for Al in chloride containing solution has a slope 0.15, i.e., the anodic current efficiency for all current densities is about 15 %, but it does not depend on the pH in the range 2 -7. 30 However, alloying of Al with even very small amounts of In or Ga (less than 0.2 wt. %) can decrease the negative difference effect to less than 0.5 %. 31 Hydrogen evolution during anodic polarization is usully explained either by the formation of Al + ions and their reaction with H 2 O molecules
or by the acidity at the bottom of the pits increasing due to the hydrolysis reaction of Al 3+ ions with water containing NaCl
whereby the pH becomes about 4 (or for FeCl 3 hydrolysis even 2) and, therefore, the hydrogen evolution reaction is stimulated. However, the values of the negative difference effect are independent of pH in the range 2 -7, 30 showing that hydrogen evolution at large anodic current densities is not due to AlCl 3 hydrolysis and local acidification. This is more so if one considers the experimental fact that an Al surface dissolving anodically at ca. 100 mA cm -2 in 0.5 M NaCl had a shiny surface, with no visible pitting, as observed at much lower current densities. It could be imagined that the entire surface become the bottom of a gaint pit. 32 Hydrogen evolution during anodic dissolution is a problem that appears in the different mechanisms of stress corrosion cracking or corrosion fatigue of austenitic and martensitic stainless steels. 33 Namely, theories of pit growth during the pitting of many materials, including ferritic stainless steels, 34 assume that pits are formed by anodic reaction at the bottom of cracks in the passive film and cathodic reaction (e.g., oxygen reduction) at the film surface (i.e., by the action of the local cells). However, the rate of electrochemical hydrogen evolution during anodic polarization is considerably depressed at the bottom of pits in accordance with the laws of electrochemical kinetics (cf. Fig. 1 , by one order of magnitude for each 120 mV of anodic polarization in acid solutions). Since the corrosion potential in acid solutions is E corr » -0.2 V (SHE), it is easy to see that in this potential range (i.e., -0.2 -0.0 V) the rate of hydrogen evolution has to decrease by ca. 100 times. However, since active dissolution before passivation can proceed up to ca. 0.5 V (Flade potential for Fe 35 ) electrochemical hydrogen evolution is thermodynamically impossible if the bottom of the pits operate at these anodic potentials. This was experimentally proved by Says et al. 36 who showed, by measuring the local potentials inside the cracks, that the actual potentials of the assumed cathode are more positive than the thermodynamic potentials for hydrogen evolution and therefore the thermodynamics of hydrogen forbid electrochemical evolution of hydrogen at such places. On the other hand, a number of authors, using sofisticated techniques experimentally demonstrated the existance of dissolved hydrogen in the metal and hydrogen embrittlement at the crack tips (see Ref. 33) . A possible explanation of the origin of this hydrogen is discussed in Section 4.
One variant of the film mechanism is the suggestion of Abe et al., 37 who observed very intensive anomalous dissolution of pure Fe and steels 430 and 304 in sulfuric acid during cathodic polarization, that the high dissolution rate was caused by a layer of hydrogen bubbles which block the surface for cathodic protection. The final effect would be anodic dissolution at rates similar to that at the corrosion potential. 
Dissolution of Na and K amalogams
In their study of the hydrogen evolution reaction on mercury or alkaline (K, Na, Li) metal amalgams in aqueous hydroxide solutions Bockris and Watson 38 came to the conclusion that the reaction mechanism involves a primary fast deposition of alkali metals atoms, which react irreversibly with water molecules to produce hydrogen and alkali metal hydroxide Na + + e -« Na(Hg)
This was further experimentally verified by Korshunov and Iofa 39 and Frumkin et al. 40 in their studies of the dissolution of alkali metal amalgams (i.e., corrosion). They observed that the dissolution rate of metal from the amalgam followed the relationship j = kc amal 0.5 , instead of being j = kc amal , valid for the electrochemical mechanism of amalgam dissolution. They suggested that the reason for this was the direct chemical reaction of H 2 O with alkaline metal from the amalgam. Also, they proposed two parallel reactions for the overall amalgam dissolution process:
for the electrochemical corrosion reaction, and
for the chemical reaction. Based on this model the overall decomposition (i.e., corrosion) rate can be expressed as
where n < 1. Depending on the pH, either the electrochemical (at lower pH values), or the chemical mechanism (at higher pH values) could be dominant.
Other metals
In the period 1965 -1980, Kolotyrkin and coworkers published a number of papers reporting experimental evidence of the anomalous dissolution of metals during corrosion and cathodic polarization of corroding metals. The technique used was to polarize cathodically a metal at different cathodic polarization values for time long enough to allow accumulation of the corresponding ions in the solution to reach concentration sufficiently high to enable their determination by analytical methods. The obtained results were used to calculate the equivalent disolution rates in terms of anodic current density with the help of the Faraday law and compare them with the expected electrochemical dissolution rates at these (cathodic!) potentials. For many metals it was found that the overall dissolution rate was much higher than expected, and even more important, that it did not depend on the metal potential, i.e., it appeared that the dissolution process was potential independent. These facts lead Kolotyrkin to conclude that this anomalous behavior was due to a chemical dissolution process. Anomalous dissolution was observed for Fe, Mn, Co, Cr, Be, steels and some other metals. 28, 29, [41] [42] [43] [44] [45] [46] Figure 2 depicts the dependence of the analytically determined dissolution rates of iron on potential (open circles) and the electrochemically measured cathodic (triangles) and anodic (crosses) curves for the same conditions as presented by Fig. 5 in Ref. 29 . Figure 3 depicts the polarization diagram for the anodic dissolution for several metals obtained experimentally by determining analytically the concentrations of the cooresponding ions, as presented by Fig. 1 in Ref. 45 . Note that the vertical parts of these curves are in the potential range of cathodic polarization, i.e., they are more negative than the corresponding corrosion potential, which, e.g., for Fe in the employed concentration of sulfuric acid is about -0.2 V (SHE). Note also that instead of the anodic polarization curves being Tafel straight lines, as expected from the Wagner-Traud model (see Fig. 1 ), all of them deviated at more negative potentials, becoming vertical, i.e., the dissolution becomes potential independent. In electrochemical terms, these parts indicated anomalous metal dissolution with apparent current efficiencies higher than one, or apparent valence lower than the corresponding true valence of the dissolved metal ion. Interestingly, contrary to the other metals studied, the anomalous dissolution of iron was also pH dependent, i.e., H + ions accelerted the dissolution. The overal reaction was presented as. 29 M
while for for the pH dependent processes for Fe and Cr a more complex mechanism was proposed:
More details about the anomalous or chemical dissolution of metals can be found in a recent review article prepared by Florianovich. 47 Other authors also reported findings on the chemical dissolution of some metals. For example for Ni, 48, 49 Zn, 50 In amalgam, 51 Co, 52 Al, 53,54 steel 55 and Fe. 28, 56 
New evidence for the chemical dissolution of metals
Chemical analyses of the electrolyte after prolonged electrolysis, necessary for the accumulation of a sufficient amount of the corresponding ions needed for analytical determination, allow quantitative studies of the anomalous dissolution of metalonly in the region of cathodic polarizations, as presented in Figs. 2 and 3 .
In the range of anodic polarizations, the electrochemical dissolution rates are almost always higher than the chemical dissolution rates (see Fig. 4a ), and therefore it is difficult to ascribe the small differences between the obtained analytical and electrochemical data to the chemical (or any other kind of anomalous) dissolution, or to experimental errors in the analytical determinations. On the other hand, the analytical method used by Kolotrkin and coworkers, and other cited authors, has the problem that simultaneous cathodic polarization can cause surface distintegration and, therefore, false conclusions. Also, the purity of the electrolyte might play an important role since, during prolonged cathodic polarization, metal impurities might be electrodesposited at the surface and change its properties, as was discussed in the case of Na amalgam in the work of Frumkin et al. 40 According to the view of Kolotyrkin, the chemical dissolution of a metal, wether following reactions (10) or (11) - (13), should be a potential independent reaction and, therefore, in an electrochemical diagram of the Wagner-Traud type presented in Fig. 1 , should be represented by a vertical line, as depicted in Fig. 4a . Its position in the diagram is determined only by the rate of the chemical reaction with water (e.g., the kind of metal, temperature, and pH for a pH dependent reaction). As seen, for the case when the rate of chemical dissolution is much smaller than that of electrochemical corrosion (vertical straight line C 1 ), deviations from the electrochemical anodic partial current density line (i.e., anodic Tafel line A -dashed line) on the overall partial dissolution current density-potential dependence line (heavy line A) can be observed only in the range of cathodic polarizations. In the case when the rate of chemical dissolution is higher than that of electrochemical corrosion (vertical straight line C 2 ), as presented in Fig. 4b , deviations from the anodic partial current density line might start much before the corrosion potential, i.e., in the domain of actual anodic polarization (see Fig. 4b ). The important point in this case is that the corrosion potential is determined solely by electrochemical reactions, in accordance with the Wagner-Traud model, but the actual dissolution rate, or the real corrosion current density is much higher than expected from the intersection point of the anodic and cathodic Tafel lines (c.f. Fig. 4b ). In this case the apparent (anomalous) valence determined electrochemically should depend on the anodic current density, being smaller at the corrosion potential and slowly increasing with an asymptotic tendency to the real value with increasing anodic polarization.
These diagram can also be analyzed by considering the cathodic reaction, i.e., the partial electrochemical hydrogen evolution current density line (i.e., the cathodic Tafel line C -dashed line). Since molecular hydrogen is also produced in the chemical reactions (10) or (11) -(13), the overall hydrogen production as a function of potential should be the sum of the partial cathodic (dashed C) and chemical reaction vertical line (C 1 for Fig. 4a or C 2 for Fig. 4b) . The heavy C lines in both figures depict these sums. Therefore, in the case of the existence of parallel chemical reaction of the Kolotyrkin type the hydrogen evolution rates (measured, e.g., volumetrically) would deviate from the overal equivalent (calculated by using the Faraday law) hydrogen current density line C, either as depicted in Fig. 4a or Fig. 4b . If the hydrogen evolution during anodic polarization could be measured sufficiently precisely and its rate coincided with the chemical metal dissolution line determined by the analytical method used by Kolotyrkin and coworkers the chemical dissolution hypothesis of Frumkin, Kolotyrkin and others would obtain a very serious confirmation.
In their work with a Fe-disc-Pt-ring rotating electrode, Popi} et al. 57 showed that hydrogen co-evolution at the disc electrode could be measured up to equivalent current densities of less than 10 mA cm -2 by electrochemical oxidation of the hydrogen collected at the Pt disc. Using this method, Dra`i} and Popi} 30,58 studied the negative difference effect and anomalous dissolution of Al during piting, and also analyzed the hydrogen co-evolution during anodic polarization of Fe and steel in aqueous sulfuric acid solutions. 56, 59, 60 The measurements (open circles) and indirectly by collecting evolved hydrogen on Pt ring (filled circles) overlap in the cathodic potential region, while in the anodic region, the partial hydrogen evolution deviates from the Tafel line eventually forming a vertical line, similar to that predicted in Fig. 4a for the case of a chemical dissolution rection of a Kolotyrkin type occurring simultaneously with the corresponding electrochemical reactions (hydrogen evolution and anodic dissolution). Figure 6 depicts a similar diagram for Armco iron in the same solution as for Fig. 4a , but with the addition of 0.03 M NaCl. The presence of chloride ions had an inhibiting effect on the anodic polarization curve, as is known from previous exprerience 61 However, chloride ions had no detectable effect on the anomalous co-evolution of hydrogen during anodic dissolution, but a small inhibiting effect on the cathodic evolution of hydrogen, as is also known from previous experience. 62 Another important conclusion from these experiments (Ref. 56 , Fig. 2 ) was that the anomalous hydrogen evolution was not pH dependent in the pH range 0.5 to 3, which is contrary to the findings of Kolotyrkin and Florianovich. 45 Also of importance is the fact that, as shown in Fig. 6 , the presence of chloride ions practically had no influence on the anomalous dissolution process, even though anodic dissolution reaction was inhibited in a known manner. 61 On the other hand, a very important point is that the crosses in as experimental points for anomalous hydrogen evolution during anodic polarization (filled circles) presented in Fig. 5 . This is the experimental proof that the model presented in Fig. 4a, i. e., chemical dissolution proposed by Kolotyrkin and coworkers, is acceptable. None of the other mechanisms proposed in Section 3 can produce a potential independent process in both the cathodic and anodic potential range, as can the one presented schematically in Fig. 4a and experimentally in Fig. 5 .
The obtained results strongly support the proposal made by Kolotyrkin and coworkers that the anomalous dissolution and hydrogen evolution on iron can be considered as a chemical mechanism of iron corrosion, occuring simultaneously with electrochemical processes and electrochemical corrosion
Since the chemical reaction (14) does not involve free electron exchange, the electronic balance between the metal and solution is achieved when the electrochemical partial processes occur at equal rates, i.e., at the corrosion potential. Therefore, the corrosion potential of iron (and other metals corroding chemically in a similar manner) is determined only by electrochemical rections, while the chemical corrosion process has no influence on it. Figure 7 depicts the polarization diagram for stainless steel 403 (open circles), and equivalent hydrogen current densities obtained by the same rotating disc-ring technique as for iron (filled circles) (cf. Figs. 5 and 6 ). It is interesting that in the anodic potential region hydrogen evolution starts even to increase after passing through the corrosion potential region, but at potentials more positive than the passivation potential, E p , decreases to very small values in the range of the passive state. In other words passivation of the surface strongly inhibits the anomalous hydrogen evolution. This can be simply explained by a blocking of the direct contact of H 2 O molecules with the metallic surface which is required for reaction (14) to occur. The further increase of the hydrogen current on the ring after the pitting potential, E pit , confirms the often-reported literture data 2,33 that hydrogen gas is evolved during pitting (negative difference effect).
Results obtained with metallic chromium in a series of similar experiments performed by Popi} and Dra`i} [63] [64] [65] [66] [67] are even more important for clarification of the role of chemical reactions in corrosion.
The immediate reason for the study of the behavior of chromium was the rather strange peak in Fig. 7 on the hydrogen evolution line for stainless steel in the region of anodic potentials. Since the only difference between the polarization digarams for iron (Fig. 5 ) and stainless steel (Fig. 7) was the rather high content of Cr (ca. 18 wt.%), it was assumed that this increases of hydrogen evolution rate during anodic dissolution in the active dissolution potential range might be related to the presence of Cr.
Several techniques were used to study the anomalous dissolution of chromium; polarization measurements, analytical determination of Cr(II) and Cr(III) concentrations, the evolved hydrogen volume and gravimetric determination of the metal weight loss. The results of these examinations for metalic Cr in a deaerated equeous sulfuric acid solution of pH 1 with 0.1 M sodium sulfate added are presented in Fig. 8 (Ref. 67, Fig. 1 ). The anodic and cathodic Tafel slopes were ca. 120 mV dec -1 with a rather narrow anodic potential range before passivation. Similar polarization diagrams for pH 2 and 3 showed (Ref. 66 , Fig. 2 ) that the hydrogen evolution Tafel line was pH dependent with a reaction order with respect to H + ions of n H+ = 1, while anodic Tafel line was pH independent, even though the passivation potential was pH dependent. Bearing in mind that the dissolution products during the corrosion of Cr in deaerated sulfuric acid are Cr(II) and Cr(III), formed in the ratio Cr(II)/Cr(III) » 7, as experimentally proved in Ref. 65 , the following mechanism for the electrochemical dissolution reaction was postulated. 67 Cr + H 2 O « CrOH ads + H + + e - CrOH ads ® Cr 2+ + OH -+ e -
Cr 2+ « Cr 3+ + e -(only 1/8)
It should be pointed out that active dissolution of Cr proceeds only if the surface was activated by polarization with cathodic current densities of ca. 50 mA cm -2 for several tens of seconds, in order to reduce the thin oxide film which spontaneously forms on contact of Cr with air. The corrosion potentials of non-activated surfaces were more positive by ca. 200 mV.
The results of the hydrogen co-evolution measurements, obtained by measuring the volumes of the evolved hydrogen and recalculating into the equivalent current densities, are presented in Fig. 8 by the black dots connected with the dashed curve. As can be seen, the effective hydrogen evolution curve (dashed curve) is in the domain of current densities much larger than the cathodic Tafel line representing the electrochemically evolving hydrogen. This as also the case in the vicinity of the corrosion potential and also in the domain of anodic polarizations. In the domain of the passivation potential, this hydrogen evolution drastically decreases. Since the total hydrogen evolution is the sum of the electrochemical hydrogen evolution represented by the cathodic partial hydrogen evolution line over the whole domain of electrode and some other anomalous hydrogen evolution process (i.e., chemical hydrogen evolution) the difference between the total hydrogen evolution rate (dashed line) and the cathodic Tafel line at any potential should give the dependence of the anomalous hydrogen evolution (equivalent to Cr dissolution, Eq. (10)) on potential. Such differences for three electrode potentials, for the corrosion potential, for anodic polarization in the active dissolution range and during cathodic polarization are lying on a vertical line and these date are presented in detail in Ref. 66 , Figure 1 . These results are omitted from Fig. 8 in order to make the diagram simpler, except the open circle at E corr, 2 , representing the anomalous dissolution rate at the corrosion potentional, j an.H . Practically the same result was obtained as presented in Fig. 8 , when the analytically determined concentrations of Cr(II) and Cr(III) ions were recalculated into the total dissolution current densities, j tot,anal , (filled squares), for three different electrode potentials and the anodic dissoluiton current densities corresponding to the same potentials, j a . These values are represented with open squares and they also lie on a vertical line (dash and dots line) close to the previously described (vertical dashed line). The important point is that these three calculated points lie on a same vertical line (dashed line), as would be expected in the case when the chemical dissolution reactions is faster than the electrochemical corrosion rate (see Fig. 4b ). In the same diagram, the filled triangle at the corrosion potential represents the result of the weight-loss measurements of the Cr electrode after prolonged corrosion under the same experimental conditions. It can be concluded here that all three applied measuring methods gave practi-cally the same result, and supported the view of Kolotyrkin that, besides the electrochemical reactions and corrosion behavior in accordance with the Wagner-Traud model, a parallel dissolution reaction accompanied by an equivalent evolution of hydrogen, practically independent of the electrode potential, is occurring. This fact allows the conclusion that this reaction is a chemical reaction of the Kolotyrkin type, and, in the case of a Cr electrode in acid solutions (addition of Clions has no effects), the rate of this chemical dissolution reaction is up to several times faster than the equivalent electrochemical corrosion rate. This fact is very important since, in corrosion measuring practice, electrochemical corrosion rate methods (e.g., Stern-Geary polarization resistance, 8 electrode impedance spectroscopy, 9 etc.) are widely applied as the exact method, 12 but, as seen, the results could be seriously erroneous if chemical dissolution processes are ignored. It could be that the problems discussed by Pra`ak 10 are also related to the neglect of a chemical reaction.
The rate of the chemical dissolution reaction is pH dependent and has an experimental reaction order with respect to H + ions of ca. 0.89 in the pH range 0.5 -3, 67 i.e., practically one. Bearing in mind the observed diagnostic criteria, and also the fact that most of the electronegative metals, Ni, Fe, Co, Zn, etc., have an affinity for H 2 O molecules, 68 which has found its confirmation in many proposed anodic metal dissolution mechanisms, 69 
which is similar to that proposed by Kolotyrkin for Fe. 45 It should be pointed out that this reaction occurs only at a bare metal surface, and, as seen in Fig. 8 , the formation of a passive layer inhibits this reaction, which is logical since H 2 O molecules important for the reaction cannot come in contact with metal atoms. Another important fact is that the temperature dependence of the chemical reaction is more pronounced than that of the electrochemical corrosion. It was shown in Ref. 64 that the apparent energy of activation for the dissolution chemical of Cr is 63.1 kJ mol -1 , for the anodic dissolution 66.9 kJ mol -1 , but only 19.5 kJ mol -1 for the electrochemcial hydrogen evolution. Temperature dependence of the electrochemcial corrosion rate is a complex function of both the anodic and cathodic temperature dependences (note that it is unjustified 64 to use the Arrhenius equation for the determination of the energy of activation of corrosion, as is sometimes found in the literature) but it can be easily estimated that the electrochemical corrosion current, because of the smaller energy of activation for hydrogen evolution has to change slower with increasing temperature, than the chemical dissolution, since both the chemical dissolution and anodic dissolution have approximately the same energies of activation (note that according to the Arrhenius equation processes with the higher energies of activation increase their rates faster than those with smaller ones). This is obvious from Fig. 9 which represents the changes of the corrosion rates with temperature for the rates of electrochemical corrosion (circles) and total corrosion determined analytically (triangles) or gravimetrically (squares). The anomalous, chemical dissolution rates are the differences between the total and the electrochemical rates. As can be seen, the chemical dissolution current increases faster with increasing temperature than the electrochemical one. The temperature dependence of the electrochemical corrosion current in a polynomial form is 64 j corr,el = 9.3 x 10 -6 T 3 + 9.8 x 10 -4 T 2 -0.046T + 1.09 (21) while for the total corrosion current determined analytically is:
where T is the temperature in degrees Celsisus, while j anom = j tot -j corr, el . Hence it is simple to calculate the ratio j anom /j corr, el for any temperature. 64 vated temperatures, the electrochemical corrosion rate is negligible in comparison with that of chemical corrosion and, obviously, electrochemical corrosion rate measurements become senseless. The reason for the larger effect of temperature on the chemical dissolution rate than on the electrochemical corrosion rate is the considerable difference in energies of activation for electrochemical hydrogen evolution (19.5 kJ mol -1 ) and the rather high energies of activation for the chemical dissolution reaction (69.9 kJ mol -1 ) and the anodic dissolution reaction (63.1 kJ mol -1 ), as mentioned previously. On the other hand, the very similar energies of activation for the anodic reaction and the chemical reaction suggest that the reaction mechanisms are very similar with similar reaction intermediates participating. This is another argument that the proposed reaction mechanism given by reactions (15) - (17) for the electrochemical dissolution and reactions (18) - (20) for chemical dissolution are probably valid.
CONCLUSIONS
During the anodic dissolution of a number of metals the calculated dissolution valence is sometimes lower than expected. The observed values of the valence are termed apparent and the dissolution process anomalous, i.e., deviating from the Faraday law. Disintegration of the metal surface, lower valence ion formation, passivation and the formation various films, hydrogen embrittlement, etc. were proposed as the reasons for the anomalous behavior. However, Frumkin and coworkers analyzing the dissolution of alkali metal amalgams, and later Kolotyrkin and coworkers analyzing the anomalous behavior of some other electronegative metals (Fe, Ni, Cr, Mn, Al, Be, etc.) during cathodic polarizations in acid electrolytes concluded that simultaneously with the electrochemical anodic reaction, a chemical reaction occurs, whereby metal atoms at the surface react with water molecules forming metal ions and gaseous hydrogen. Recent results of studies of the anomalous behavior of Fe and Cr during cathodic and anodic polarizations made by Dra`i} and coworkers strongly support the view of Kolotyrkin concerning the role of a chemical reaction in the process of metal corrosion in aqueous solutions. It was also shown that an increase of temperature favors the chemical reaction, so that at higher temperatures, chemical dissolution of chromium can be as much as 10 times faster then the electrochemical corrosion. As chemical dissolution reactions cannot be followed by electrochemical means, electrochemical methods for the determination of corrosion rates, especially at elevated temperatures, give erroneous results. How large the errors can be depends on the actual rate of the chemical process and its ratio against the electrochemical corrosion rate. Dat je pregled anomalnog pona{awa nekih metala pri anodnom rastvarawu u kiselim vodenim rastvorima, naro~ito Fe i Cr. Anomalija se odra`ava u~iwenici da se tokom anodnog rastvarawa rastvori vi{e materijala nego {to bi se o~ekivalo na osnovu Faradejevog zakona pri stvarawu odgovaraju}ih jona. Kao mogu}ni razlozi ovoj pojavi razmatrana je mehani~ka dezintegracija povr{ine, blokada povr{ine mehurima vodonika, vodoni~na krtost, pucawe pasivnog sloja, kao i neki drugi mogu}ni uzroci. Takav mogu}ni uzrok, po predlogu Kolotirkina i saradnika je i hemijska reakcija molekula H 2 O sa metalom uz stvarawa jona metala i izdvajawa gasovitog H 2 u procesu nezavisnom od potencijala. Pokazano je da ova reakcija te~e simultano sa elektrohemijskim procesom korozije, pri~emu iskqu~ivo on kontroli{e korozioni potencijal. Pokazano je na primeru Cr i Fe u kiselom rastvoru da je dominantan uzrok anomalnog pona{awa upravo hemijska reakcija rastvarawa, koja je kod Cr zna~ajno br`a od elektrohemijske, kao i da povi{avawe temperature vi{e ubrzava hemijsko rastvarawe, dok je kod Fe hemijska reakcija sporija od elektrohemijske. Razmatrana je mogu}na uloga hemijske reakcije rastvarawa i izdvajawa vodonika pri pojavi pitinga kod ner|aju}ih~elika i Al kao i pojavi korozionog zamora i loma. 
